A widely accepted notion for a process underlying memory formation is that learning changes the efficacy of synapses by the mechanism of synaptic plasticity. While there is compelling evidence of changes in synaptic efficacy observed after learning, demonstration of persistent synaptic changes accompanying memory has been elusive. We report that acquisition of a hippocampus and long-term potentiation dependent place memory persistently changes the function of CA1 synapses. Using extracellular recordings we measured CA3-CA1 and EC-CA1 synaptic responses and found robust changes in the CA3-CA1 pathway after memory training. Crucially, these changes in synaptic function lasted at least a month and coincided with the persistence of long-term place memories; the changes were only observed in animals that expressed robust memory, and not in animals with poor memory recall. Interestingly, our findings were observed at the level of populations of synapses; suggesting that memory formation recruits widespread synaptic circuits and persistently reorganizes their function to store information.
Introduction
The synaptic plasticity and memory hypothesis is recognized as the most influential proposition for the mechanisms that underlie learning and memory. It asserts that the neural activity that underlies experience changes the efficacy of appropriate synapses to create and store memory (Martin & Morris, 2002; Neves, Cooke, & Bliss, 2008) . To support the hypothesis, an extensive body of work has focused on investigating the functional and mechanistic properties of synaptic plasticity elicited by artificial manipulations and how these properties correlate with altered learning and memory expression in, typically, genetically manipulated animals (Abraham, 2008; Frick, Magee, & Johnston, 2004; Malenka & Bear, 2004; Mayford, 2014; Takeuchi, Duszkiewicz, & Morris, 2014) . Indeed, selective modifications of gene expression or protein activity have provided tremendous insight into the molecular mechanisms that underlie synaptic plasticity and to a lesser extent, learning and memory processes (Malenka & Bear, 2004 ). In contrast, relatively few studies have investigated whether learning changes synaptic function and whether these changes maintain with the persistence of memory (Mayford, 2014; Takeuchi et al., 2014) .
There is compelling evidence of changes in neural and synaptic function in neocortex with sensory stimulation (Barth & Poulet, 2012; Wen, DeBlois, & Barth, 2013) and dendritic spine structure changes in prefrontal cortex and hippocampus with environmental enrichment (Kozorovitskiy et al., 2005; Makara, Losonczy, Wen, & Magee, 2009) , however, it has been difficult to reliably show that persistent memory storage is accompanied by persistent changes in synaptic function. In the hippocampus, the structure that is central to our concepts of memory for places and events (Garner et al., 2012; Mayford, 2014; Takeuchi et al., 2014) , and even procedural learning (Micheau, Riedel, Roloff, Inglis, & Morris, 2004) , recent studies show evidence of changed hippocampal neural and synaptic function after the acquisition of a hippocampus-dependent http://dx.doi.org/10.1016/j.nlm.2016.08.015 1074-7427/Ó 2016 Elsevier Inc. All rights reserved. memory (Gruart, Munoz, & Delgado-Garcia, 2006; Matsuo, Reijmers, & Mayford, 2008; McKay, Oh, & Disterhoft, 2013; Park, Burghardt, Dvorak, Hen, & Fenton, 2015; Whitlock, Heynen, Shuler, & Bear, 2006) . While these studies support the synaptic plasticity and memory hypothesis, there still is an absence of direct evidence that persistently changed hippocampal synaptic function accompanies long-term hippocampus-dependent memory.
Detecting a memory trace in hippocampus synapses has long been a subject of intense investigation because it is a key prediction of the synaptic plasticity and memory hypothesis. Prior work showed that learning can change hippocampus excitability (McKay et al., 2013; Oh, Kuo, Wu, Sametsky, & Disterhoft, 2003) as well as synapses (Green, McNaughton, & Barnes, 1990; Gruart et al., 2006; Sacchetti et al., 2001; Whitlock et al., 2006) but the memory persisted much longer than the changes in synapse function (Sacchetti et al., 2001; Whitlock et al., 2006) . This discrepancy in duration has raised the question of whether the experiencedriven synaptic alterations were indeed due to memory storage, instead of due to transient changes in synaptic homeostasis (Kirkwood, Rioult, & Bear, 1996; Turrigiano & Nelson, 2000) , or other confounding features of the experience (Moser, Mathiesen, & Andersen, 1993) . Hence, demonstrating that changes in synaptic circuit function during learning persist with memory, still remains a challenge for the synaptic plasticity and memory hypothesis. In particular, morphological changes of putative learning-recruited CA1 synapses have been reported to last only three days after contextual fear conditioning (Matsuo et al., 2008) . Enhancement of the post-synaptic response induced during passive avoidance learning could only be observed for a few hours (Whitlock et al., 2006) . Encouragingly, changes in CA1 synaptic function have been observed up to seven days after contextual fear conditioning, although the memory could be expressed for at least a month (Sacchetti et al., 2001) . In addition to the technical challenge, the lack of correspondence between the persistence of synaptic plasticity changes and the persistence of memory may also constitute an important conceptual challenge for the synaptic plasticity and memory hypothesis. It is largely assumed by the community that synaptic changes should persist with memory; however a demonstration of this is lacking.
Here we report the use of a robust experimental system to investigate memory associated functional changes in hippocampus CA1 synaptic inputs that mediate spatial information. Our findings demonstrate that long-term traces of a spatial experience can be detected as persistent modifications in the function of the CA1 hippocampal circuitry lasting at least a month. Remarkably, these changes in synaptic function coincided with the persistence of long-term place memories; the changes were only observed in animals that expressed robust memory, and not in animals with poor memory recall. Notably, these changes were detected in the extracellular synaptic potentials recorded from the CA1 region of ex vivo slices, indicating a widespread change in the function of the CA1 synaptic network with memory. We speculate that widespread synaptic circuit changes at the level of hippocampal microcircuits include the embedding of explicit memory information at a particular set of synapses within a broader synaptic network that contains related information to which the newly acquired memory is associated.
Materials and methods

Behavior
All procedures were performed in compliance with the Institutional Animal Care and Use Committee of the State University of New York, Downstate Medical Center and New York University. C57BL/6 male mice (3-4 months old) were trained in a hippocampus-dependent two-frame active place avoidance task. The place avoidance system consisted of a 40-cm diameter arena with a parallel rod floor that could rotate at 1 rpm. The position of the animal was tracked using PC-based software (Tracker, Bio-Signal Group Corp., Brooklyn, NY) that analyzed 30-Hz digital video images from an overhead camera. Mice in the trained condition learned the ''Room+Arena-" task variant. Place avoidance of a 60°zone was reinforced by a constant current foot shock (60 Hz, 500 ms, 0.2 mA) that was scrambled (5-poles) across pairs of the floor rods. Rotation of the arena would carry the mouse into the shock zone unless the animal actively avoided the zone. Entering the shock zone for more than 500 ms triggered shock. Additional shocks occurred every 1.5 s until the animal left the shock zone. Measures of place avoidance were computed by TrackAnalysis software (Bio-Signal Group Corp., Brooklyn, NY). The behavioral protocol began with a 10-min session with shock off to habituate the mice to the rotating arena. Twelve training trials followed, with three trials occurring each day across a period of four days. Within a day, the mice were returned to the home cage for 40-min between trials. Except for the shock being always off, the conditions were identical for pretraining and retention sessions, as well as for the control mice (untrained mice). The conditions were identical for the yoked group of mice except that these mice received the same time series of shocks as a mouse from the trained group. The times that shocks were delivered to the trained mice over the 4-day training period were recorded and used to deliver shocks to the yoked group of mice (yoked-group) who could not avoid or otherwise control the delivery of shock. Typically, the number of shocks trained mice received rapidly decreased over the training period due to place avoidance learning. On Day 1, mice experienced the bulk of shocks during the first trial (20-25 shocks, most of them during the first 5 min); then the number of shocks reduces in half during the second trial of Day 1, to only a few shocks in the third and last trial of Day 1. As learning progressed from Day 2 to Day 4, trained mice received very few to no shocks. For yoked-conditioning, we replayed the precise timing of the shock sequence from a trained mouse so that the yoked mouse received the identical time order of shocks. Hence, the yoked group of mice is exposed to the rotating arena and receives shocks just like the trained mice, but the shocks are uncorrelated to a specific location and cannot be avoided.
Long-term and remote memory was tested either 24 h or 30 days after the final training session with the shock off, respectively.
Electrophysiology
One or thirty days after the last training day, mice were tested for retention memory and then returned to their home-cage for 20 min (some mice were not memory tested but they were handled at the same times as the mice that had the memory retention test). Then, mice were transferred into an induction (anesthetizing) chamber and kept there to habituate to the chamber for 10 min. Next, mice were deeply anesthetized with vaporized Isoflurane (5% in 100% oxygen) for 3 min, and immediately euthanized by rapid decapitation. Transverse slices (400 lm) from the right dorsal hippocampus were obtained for ex vivo electrophysiology experiments. Slices were cut (Neurolab tissue chopper) in ice cold artificial cerebrospinal fluid (ACSF containing: (mM) 119 NaCl, 4.0 KCl, 1.5 MgSO4, 2.5 CaCl2, 26.2 NaHCO3, 1 NaH2PO4 and 11 Glucose saturated with 95% O2, 5% CO2) and then warmed in oxygenated ACSF to 35°C for 45 min. Slices were thereafter allowed to equilibrate for at least 60 min in oxygenated ACSF at room temperature. For experiments, slices were immersed in a submerged recording chamber subfused with oxygenated ACSF at 35-36°C.
Field excitatory postsynaptic potentials (fEPSP) from the Stratum Radiatum (SR, CA3-CA1 input) and the Stratum Lacunosum Moleculare (SLM, EC-CA1 input) and population spikes (pop-Spikes) from the Stratum Pyramidale of the CA1 area were obtained via stimulation with bipolar electrodes (FHC & Co, ME, USA) -the stimulus pulse duration was 50 ls and was kept the same for all electrophysiological studies-and recording with borosilicate glass pipettes (5-10 MX) (Sutter Inst. Co., Novato, CA, USA) filled with ACSF solution. Two slices from the same animal were placed and simultaneously stimulated/recorded within the same recording chamber. To examine the functional changes associated with active place avoidance memory, we characterized (1) synaptic transmission, (2) paired-pulse facilitation (PPF), (3) synaptic plasticity (potentiation and depression), and (4) pop-Spike generation. The electrophysiologist was blind to the behavioral conditions.
(1) Synaptic transmission: Stimulus-response relationships between input voltage stimulation and fEPSP slope amplitude were generated at increasing voltage stimulations at both CA3-CA1 and EC-CA1 inputs. To examine differences between the curves from the distinct groups of mice, we identified the fEPSP slope value that we estimate to represent most accurately the rising phase of the sigmoidal (or exponential) nature of the curve. This measure is the most appropriate to examine differences between groups of mice compared to other measures that may be confounded by the nature of our examination of a population of synapses. In addition, repeated measures two-way ANOVA analyses validated this examination (Supplementary Table) . (2) Paired-pulse facilitation (PPF): For PPF, we examined the magnitude of the second post-synaptic response relative to the first post-synaptic response observed for a pair of stimuli at the 50, 100 and 200 ms time intervals. For the PPF analysis, we particularly focus on examining the differences between groups of mice at the 50 ms time interval. We chose this time interval because post-synaptic responses at 50 ms are strongly correlated with presynaptic release probability, rather than other features of the synaptic response (Schulz, Cook, & Johnston, 1995) . The lower the facilitation of the second response, the higher is the estimated release probability of the tested synaptic population (Schulz et al., 1995) . Additionally, repeated measures two-way ANOVA analyses validated this examination and found no differences between groups at 100 or 200 ms intervals (Supplementary Table) Fig. 5A ), we first surveyed each data-set at each given input voltage stimulation (hence, at each fEPSP slope amplitude), and defined for each unique data set whether or not a pop-Spike was observed (we considered pop-Spike events larger than 0.5 mV -twice above noise -and that occurred after the onset of the fEPSP). With this information, we calculated the fraction of observed pop-Spikes across data sets for a given fEPSP slope value.
Drugs
To examine the role of fast inhibitory drive, in some experiments we bath applied the GABA A receptor blocker picrotoxin (100 lM; Sigma, USA) to the slices.
Data acquisition
Electrophysiological data were acquired with PClamp software (Molecular Devices, Sunnyvale, CA, USA). Data analysis was performed with Origin 8.0 software (Microcal Software Inc., Northampton, MA, USA).
Statistics
The Microcal Origin Statistical tool was used to determine statistical significance between groups using two-tailed Student's t tests, one-way or two-way ANOVAs as appropriate. The data in the figures are averages ± standard errors of the mean. To validate our analyses we also carried out repeated measures two-way ANOVA analyzes for all of our main findings from stimulusresponse relationships and PPF data sets (Supplementary Table) . The repeated measures two-way ANOVA analysis validated our findings.
Results
Changes in CA1 synaptic function detected one day after active place avoidance training
We trained mice in a hippocampus-and LTP maintenancedependent active place avoidance task (Cimadevilla, Fenton, & Bures, 2001; Pastalkova et al., 2006; Serrano et al., 2008) . To induce a long-term spatial memory, mice were given spatial memory training to avoid a shock zone for four consecutive days (trained mice). During pretraining with the shock off, all mice moved throughout the arena. Control mice (henceforth untrained mice) were exposed to the same environment for an identical amount of time but were not shocked. Whereas untrained mice continued this exploratory behavior throughout the subsequent sessions, the trained mice rapidly learned to avoid the shock zone (Fig. 1A,B) . Twenty-four hours after the last training or control session, mice were euthanized and slices from the dorsal portion of the right hippocampus were prepared to investigate how the memory training and control experiences modified the Schaffer collateral/ commissural-Stratum Radiatum (CA3-CA1) and temporoammonicStratum-Lacunosum Moleculare (Entorhinal Cortex EC-CA1) synaptic pathways. At the CA3-CA1 input, a day after training, compared to the untrained group, the trained mice showed increased synaptic transmission of the evoked field excitatory postsynaptic (fEPSP) response (Fig. 1C) 
Potentiation [30-45 min] function measured by paired-pulse facilitation of the fEPSP response ( Fig. 1D ) and decreased synaptic potentiation of the fEPSP response induced by 100-Hz high frequency stimulation (HFS) (Fig. 1E ). Similar trends were observed at the EC-CA1 input, although they did not reach statistical significance ( Fig. 1F-H) ; which may indicate that memory training has a weaker impact at the EC-CA1 input relative to the CA3-CA1 input. However, we cannot exclude the possibility that putative memory associated changes at this input may be difficult to unveil because the EC-CA1 population responses are relatively small.
Altogether, these observations suggest that long-term place avoidance memory is associated with functional changes that persist at least a day in a population of CA1 synapses.
Experience-induced CA1 synaptic changes parallel one-day memory retention
We then examined whether these experience-dependent changes in synaptic function paralleled the expression of longterm memory. Mice received the same control exposure and memory training as described above. But in this case, twenty-four hours after the final training session memory retention was tested with the shock off ( Fig. 2A) . Half an hour after the end of the memory retention test, slices from each group of mice were prepared. Measurements of synaptic function at the CA3-CA1 input revealed essentially the same pattern of changes that were observed when retention was not tested 24 h after training ( The observation of similar modifications with or without returning to the training environment and expression of memory recall a day after training indicates that the observed changes in CA1 synaptic function reflect memory storage rather than the retrieval experience, itself.
Changed CA1 synaptic function associates with place memory and not with the foot-shock experience alone
Place avoidance training recruits a number of structures and systems that altogether contribute to the formation and consolidation of a memory trace (Cimadevilla et al., 2001; Park et al., 2015; Serrano et al., 2008; Vafaei, Jezek, Bures, Fenton, & Rashidy-Pour, 2007; Wesierska, Adamska, & Malinowska, 2009) . In order to identify the contribution of the aversive foot-shock to the observed changes in CA1 synapses, we investigated the relationship between CA3-CA1 synaptic changes and the number of shocks during training. We found that the changes in synaptic function were not related to the number of shocks during training ( Fig. 3A-C) . Similarly, changes in CA3-CA1 synaptic transmission and synaptic potentiation were also not observed in mice that received unavoidable ''yoked" shocks that were delivered in the same time sequences that individual mice received in the course of memory training ( Fig. 3D-G) . Because the mice in the trained and yoked groups received the virtually identical physical experience of the training environment, this demonstrates that neither foot shock itself, nor the physical experience of training is sufficient to cause either the conditioned behavior or the changes in synaptic function that are observed after place avoidance training.
3.4. CA1 synaptic changes persist for at least one month and parallel memory retention Our prior observations suggest that the training-related changes in CA1 synaptic function are associated with memory processes. Next, we investigated whether the changes in synaptic function persisted beyond a day, consistent with the persistence of remote spatial long-term memory. Place avoidance memory depends on hippocampus LTP for at least a month (Pastalkova et al., 2006) . Mice were given either memory or control training and then retention with the shock off was tested 30 days after the final training session (Fig. 4A) . The trained mice avoided entering the shock zone on the retention test, but memory performance was bimodally distributed within the group (Fig. 4A , bottom left; ratio of the two peaks R = 0.95, Kurtosis = À2.1). Based on the time to first entrance, we categorized trained mice into two sub-groups: those with poor memory retention (gray, <300 s) and those with robust memory retention (red, >300 s) (Fig. 4A, bottom right) . The animals with poor memory retention had CA3-CA1 synaptic function measurements that were indistinguishable from the untrained mice ( Fig. 4B-D ; gray color data sets). In contrast, the mice with good memory retention showed enhanced synaptic transmission and decreased potentiation of the CA3-CA1 input, similar to the trained group 1-day after memory training ( Fig. 4B,  D ; red color data sets), in which memory retention was uniformly strong. We did not detect changed presynaptic function at the CA3-CA1 input after 1 month (Fig. 4C) . While a trend in synaptic function change was seen one day after training at the EC-CA1 input, . A mouse on a continuously rotating diskshaped arena was trained to avoid an unmarked, stationary 60°shock zone. Overhead view of an example mouse's tracked positions during pretraining and training trial 3 on day 4 (bottom right). Black lines indicate the shock zone when shock was off, red when it was on. Black dots indicate the mouse's location when shock would have been delivered within the inactive shock zone and red dots indicate the location when shock was delivered. (B) Formation of place avoidance memory assessed by the time to first enter the shock zone (time to 1st entrance). Untrained mice (left, n = 9) do not form an avoidance memory, whereas the trained mice (right, n = 7) form a strong memory (two-way ANOVA, group: untrained vs. trained, F 1,168 = 125.6, P < 0.001; training session: F 11,168 = 5.2, P < 0.001; interaction: F 11,168 = 3.2, P < 0.001). (C-E) Memory formation changes synaptic function at the CA3-CA1 input. (C) Amplitude of field excitatory postsynaptic potential (fEPSP) slope responses were larger in the trained (red, here and henceforth) vs. the untrained (black, here and henceforth) mice (left, n = 7 per group), indicating increased synaptic transmission after memory formation (right, t 12 = 3.41; p < 0.05 for values elicited at 15.5 V stimulation). (D) Paired pulse facilitation (PPF) relationships (left; untrained, n = 8; trained, n = 6) measured at different inter-pulse intervals (50, 100 and 200 ms). The significantly lower PPF values in the trained group indicate enhanced presynaptic function (right, t 12 = 2.23; p < 0.05 for values elicited at 50 ms inter-pulse interval). (E) Synaptic potentiation elicited by 1 s 100 Hz stimulation (HFS) in trained and untrained mice (left, n = 7 per group). Average potentiation amplitude for the 30-45 min period is decreased in trained compared to untrained mice (right, t 12 = 2.64; p < 0.05). (F-H) Memory formation did not significantly change synaptic responses at the EC-CA1 input. (F) Synaptic transmission was similar in trained and untrained groups (left, trained n = 5, untrained n = 6 per group). The average values elicited at 12.5 V stimulation were indistinguishable (right, t 9 = 0.75; p > 0.05). (G) PPF is slightly reduced in trained (n = 4) compared to untrained (n = 6) groups (left). Comparison of the average values elicited at 50 ms inter-pulse interval reveal that the trend is not significant (right, t 8 = 1.56; p > 0.05). (H) Synaptic potentiation shows a trend towards decrease in trained compared to untrained mice (left, trained n = 4, untrained n = 5). Comparison of the average potentiation amplitude values for the 30-45 min period reveal that the difference was not significant (right, t 7 = 2.05; p > 0.05). Representative fEPSP traces are shown, 1: baseline (black), 2: after potentiation (gray), scale bar: 2 mV/5 ms. Graphs show averages ± SEM; * p < 0.05. In these and all the following experiments simultaneous CA3-CA1 and EC-CA1 recordings were made in the same recording chamber, from two separate dorsal hippocampal slices from the same animal.
no distinguishable trend was observed between the trained and untrained groups one month after training (Supplemental Fig. 2A-C) . These findings indicate that persistence of memory is associated with persistent functional modifications of the hippocampus CA1 synaptic circuitry.
Modified population spike properties after place avoidance memory formation
Our last series of experiments were focused on characterizing the properties of the memory-associated changes in CA1 synaptic function one day after memory training. First, we characterized interpulse interval (ms) (D) Unavoidable foot shock was given to a yoked-shock control group. The yoked shocks had the same time series of shocks that a mouse received during memory training. Training protocol and example position tracking (left). Average time to 1st entrance on the retention test of untrained (black, n = 5), yoked (gray, n = 4) and trained (red, n = 4) groups (right; F 2,10 = 7.6; p < 0.01; Tukey tests: p < 0.05 between untrained or yoked and trained groups). (E-G) The yoked-shock group of mice did not exhibit the changes in synaptic function associated with active place avoidance memory. (E) Stimulus-response curves for yoked (n = 8 slices, 4 mice, gray), untrained (n = 10 slices, 4 mice, black) and trained (n = 10 slices, 4 mice, red) groups (left). Synaptic transmission was not different between the yoked and untrained groups but transmission was enhanced in the trained group (Average responses to 15.5 V stimulation, F 2,9 = 4.31; p < 0.05 Tukey test: trained > untrained = yoked). (F) PPF curves for yoked (n = 8 slices, 4 mice, gray), untrained (n = 10 slices, 4 mice, black) and trained (n = 10 slices, 4 mice, red) groups (left). Presynaptic function in trained, untrained, and yoked groups (average PPF values for the 50 ms inter-stimulus interval, F 2,9 = 3.86; p > 0.05; Tukey tests: trained < untrained; trained = yoked; untrained = yoked). (G) Synaptic potentiation for yoked (n = 8 slices, 4 mice, gray), untrained (n = 10 slices, 4 mice, black) and trained (n = 10 slices, 4 mice, red) groups (left). Synaptic potentiation was not different between yoked and untrained groups but was reduced in the trained group (right, average potentiation for the 30-45 min period (F 2,9 = 24.1; p < 0.005; Tukey tests: trained < untrained < yoked). Graphs show averages ± SEM; * p < 0.05.
the relationship between the enhanced synaptic transmission at the CA3-CA1 input and the generation of population spikes of CA1 pyramidal neurons one day after memory training. We found that the trained group showed a greater reliability of inducing a CA1 population spike driven by CA3-CA1 synaptic responses compared to the untrained group (Fig. 5A) , as well as a lowered threshold for synaptic responses to generate a population spike (Fig. 5B ). This enhancement, however, did not translate into significant differences between the groups in the maximum amplitude or average number of population spikes elicited by CA3-CA1 synaptic responses (Fig. 5C ), or in the frequency-driven (10-100 Hz) modulation of population spike generation (Fig. 5D) . Thus, memory training modified hippocampus CA1 output, making CA3-CA1 synapses more reliable in activating populations of neurons without significantly affecting population spike amplitude, an estimate of population size, or affecting frequency-driven population excitability. This is consistent with the idea that memory formation affects the likelihood of neural responses by selectively modifying the coupling between synaptic strength and spike formation without changing overall neuronal excitability (Buzsaki et al., 2002) . Such changes may increase the reliability and coordination of action potentials within neural ensembles to signal information during memory tasks (Dragoi & Tonegawa, 2011; Kelemen & Fenton, 2010 , 2013 Singer, Karlsson, Nathe, Carr, & Frank, 2010 ).
Bidirectional rescaling of synaptic plasticity in the CA3-CA1 synaptic input after place avoidance memory formation
To determine the effect of place avoidance memory formation on the direction of change in synaptic plasticity we extended our investigation to the analysis of synaptic depression. The memoryassociated changes in CA1 synaptic function were examined one day after memory training. The reduced expression of synaptic potentiation was accompanied by enhanced expression of synaptic depression (Fig. 6A) , indicating a metaplastic shift in the CA3-CA1 synapse after memory training. This type of metaplastic shift was also observed in the neocortex after motor skill learning (RioultPedotti, Friedman, & Donoghue, 2000) or sensory stimulation (Clem, Celikel, & Barth, 2008) . This change was not accompanied by saturation of the potentiated state (Fig. 6B) . Therefore, the impact of memory storage on plastic synaptic function was not to enhance plasticity in all its forms, but to conserve the dynamic range for synaptic plasticity. In addition, there was no change observed in the depolarization envelope during synaptic plasticity (potentiation or depression) induction (Fig. 6C ). These observations suggest that long-term memory storage actively modulates the effective range of synaptic weights to frame incoming synaptic activity and regulate the subsequent processing of information (Park et al., 2015; Pavlowsky & Alarcon, 2012).
Role of fast inhibition in the expression of memory-associated synaptic changes
Finally, we explored the potential contribution of GABA A receptor mediated fast inhibition in the expression of the place memory associated CA1 changes as our electrophysiological recordings were done in GABA receptor blocker free medium. Bath application of the GABA A receptor blocker picrotoxin during slice recordings prevented detection of the training-associated changes in CA3-CA1 synaptic transmission and synaptic potentiation (Fig. 7A-C) but not in CA3-CA1 PPF (Fig. 7B) , which was still observable. Similarly, GABA A receptor inhibition drastically reduced the trends observed in synaptic function change at the EC-CA1 input (Fig. 7D-F) .
These data suggest that inhibition may contribute to the memory training-induced changes of synaptic function, a possibility that highlights the functional significance of inhibitory circuits in the maintenance of learned behaviors (McKay et al., 2013; Ruediger et al., 2011) .
Discussion
Detecting a memory trace in hippocampus synapses has long been a subject of intense investigation because it is a key prediction of the synaptic plasticity and memory hypothesis. The present findings demonstrate persistent functional modification of a subset of synaptic inputs in the hippocampus circuit for the expression of long-term memory of at least a month; evidence that the maintenance of the memory coincides with persistent changes of synaptic function.
Synaptic function changes associated with long-term and remote memory
We examined three estimates of synaptic function, (1) strength of synaptic transmission, (2) paired-pulse facilitation and (3) synaptic plasticity expression, to test for changes associated with long-term retention of an active place avoidance memory. Each of these estimates of synaptic function has been extensively correlated with changes in synaptic plasticity mechanisms thought to underlie memory (Malenka & Bear, 2004; Mayford, 2014; Takeuchi et al., 2014) .
Increased synaptic transmission of CA1 synapses is observed after spatial learning (Sacchetti et al., 2001; Whitlock et al., 2006) . The change is believed to involve post-synaptic modifications ranging from incorporation of new ionotropic receptors into the learning-activated so-called ''tagged" synapses (Carroll et al., 2001; Esteban & Malinow, 2003; Matsuo et al., 2008) (black, n = 14) , and the poor (time to 1st entrance <300 s, gray, n = 7) and robust (time to 1st entrance >300 s, red, n = 7) retention subgroups (bottom right, F 2,25 = 226.5; p < 0.001; Tukey tests: robust retention > poor retention = untrained). (B) Stimulus-response curves for each group of mice (left, colors and numbers of subjects are described in A). Synaptic transmission was increased with remote memory. The changes in synaptic transmission were only observed in the robust retention group (right, group averages for responses to 15.5 V stimulation, F 2,25 = 3.9; p < 0.05; Tukey tests: robust retention > poor retention = untrained). (C) PPF curves for each group of mice (left, colors and numbers of subjects are described in A). Unchanged presynaptic function during remote memory (right, PPF measures at 50 ms inter-stimulus interval F 2,25 = 1.66; p > 0.05). (D) Synaptic potentiation for each group of mice (left, color and numbers of subjects are described in A). Synaptic potentiation was only decreased in the robust retention group (right, average potentiation for the 30-45 min period F 2,25 = 5.2; p < 0.05; Tukey tests: robust retention < poor retention = untrained). Representative fEPSP traces are shown 1: baseline (black), 2: after potentiation (gray), scale bar: 2 mV/5 ms. Graphs show averages ± SEM; * p < 0.05, *** p < 0.001.
via activation of translation and gene expression mechanisms (Alberini & Kandel, 2015; Kandel, 2001; Schuman, Dynes, & Steward, 2006) . The observation of a persistent functional increase in synaptic transmission with place avoidance memory is in agreement with the mechanistic changes expected to be associated with learning and memory processes. There is ample evidence that presynaptic function is key for the induction of synaptic plasticity and the expression of memory (Bailey et al., 2008; Dumas, Powers, Tarapore, & Sapolsky, 2004; Ferguson, Wang, Herschman, & Storm, 2004; Lin, Mao, Su, & Gean, 2010; Lisman & Raghavachari, 2006) . This presynaptic function is usually measured using paired-pulse facilitation analyses that report on the efficacy of probability of presynaptic vesicle release (Schulz et al., 1995) . In contrast, changes of paired-pulse facilitation after learning have been less explored. Decreased paired-pulse facilitation has been observed in neurons of the lateral nucleus of amygdala after fear conditioning (Lin et al., 2010) , while no changes are reported after spatial learning in the hippocampus (Sacchetti et al., 2001) . Our data show changed paired-pulse facilitation one day after acquisition of active place avoidance memory, but the change did not persist after one month; suggesting that presynaptic function is not a modification that endures with the persistence of spatial memory. Interestingly, changed paired-pulse facilitation was seen at both CA3-CA1 and EC-CA1 inputs in mice that underwent the retention memory test, while no changes in synaptic transmission or synaptic potentiation were detected at the EC-CA1 input. Although the change was not observed after recall of the 30-day active place avoidance memory, these data suggest a potential connection between activation of presynaptic mechanisms and recall; a connection that has been described in amygdala after fear conditioning (Takeda, Tamano, Imano, & Oku, 2010) . Similarly, circuits other than the CA3-CA1 component might rely on presynaptic changes to support memory (Lisman, 2006; O'Reilly & McClelland, 1994) .
Changes in the expression of artificially-induced synaptic plasticity have been observed after learning (Clem et al., 2008; Rioult-Pedotti et al., 2000; Whitlock et al., 2006) . In these studies, expression of synaptic potentiation was shown to decrease compared to untrained controls, after inhibitory avoidance learning (Whitlock et al., 2006) , motor learning (Rioult-Pedotti et al., 2000) or sensory stimulation (Clem et al., 2008) . In the present study, we also observed decreased synaptic potentiation after active place avoidance training, which endured with the persistence of remote memory. One interpretation of the decreased synaptic potentiation is that the learning experience recruits synaptic mechanisms that occlude the subsequent induction of synaptic potentiation. After inhibitory avoidance, new bouts of induction stimuli elicited no higher synaptic potentiation, thus confirming the saturated or occluded potentiation state (Whitlock et al., 2006) . The reduced synaptic potentiation may also function to constrain excessive excitation, but in the context of the synaptic plasticity and memory hypothesis, this also implies that learning would not be further improved beyond the point of the synaptic potentiation. Interestingly, we observed that higher levels of potentiation could be induced with additional bouts of induction stimuli. This indicates that the decreased synaptic potentiation after active place avoidance was not accompanied by saturation of the potentiated state. One explanation for this finding may lie on our observation that decreased synaptic potentiation was accompanied by enhanced synaptic depression. This type of metaplastic shift was also observed in the neocortex after motor skill learning (Rioult-Pedotti et al., 2000) and sensory stimulation (Clem et al., 2008) . It has been proposed that subsequent synaptic potentiation could be achieved by recruiting mechanisms other than those that were used for the initial learning experience (e.g. NMDA-R activation). Candidate mechanisms for the subsequent potentiation include activation of metabotropic glutamate receptors, suggesting that a distinct mechanism may govern how continued experience can result in increasing synaptic strength over time (Clem et al., 2008) . The activation of metabotropic glutamate receptors induces synaptic depression (Etkin et al., 2006) and, notably, the type of synaptic depression examined in our study is dependent on metabotropic glutamate receptor activation . We also failed to observe the synaptic function changes associated with active place avoidance memory when GABA A -receptor activation was blocked. Perhaps, GABA A -mediated inhibition is a mechanism that keeps the level of synaptic potentiation in check, possibly by enhancing synaptic depression. Synaptic depression that depends on NMDA receptor activation appears to be sensitive to GABA A -receptor inhibition (Malleret et al., 2010) , but this does not seem to be the case for metabotropic glutamate receptor dependent synaptic depression (Rohde, Tokay, Kohling, & Kirschstein, 2009 ). Finally, we did not observe changes that suggest there was an experience-dependent modulation of synaptic plasticity induction mechanisms (potentiation or depression). This implies that mechanisms downstream of the initial NMDAreceptor activation phase of synaptic plasticity could be the cause of the memory-associated changes in plastic function.
The manifold of findings indicate that long-term memory storage is not passive; rather, it appears to actively condition the effective range of synaptic weights to frame subsequent incoming synaptic activity and regulate the subsequent processing of information (Bannerman et al., 2014; Park et al., 2015; Pavlowsky & Alarcon, 2012) .
Widespread circuit changes with long-term and remote memory
Studies of the impact of memory formation on neural circuits indicate that a limited set of neurons ($10-30%) would be recruited to store a memory (Han et Ziv et al., 2013) . Similarly, just a small fraction of synapses ($15%) in these neurons would be modified by memory (Matsuo et al., 2008; Whitlock et al., 2006) . One assumption from these studies is that memory-associated changes in synaptic function would be difficult to detect at the level of populations of synapses, using the extracellular electrode recordings such as in the present study. Nonetheless, detection may be possible if the neuronal and synaptic changes occur in a widespread fashion across the neuron population. This view is consistent with evidence of large learning-associated changes in structural plasticity (Moser, 1999) , widespread changes in immediate early gene activation (Tse et al., 2011) and the findings that behavioral training is sufficient to induce large and long-lasting modifications of neuropsychological variables (Anguera et al., 2013; Hattori, Yoon, Disterhoft, & Weiss, 2014; Lee, Lin, & Lee, 2012; Subramaniam et al., 2012) . The present manifold of findings suggest that when the internal representation of an experience is embedded within a neural circuit, the functioning of the circuit is substantially modified.
Inhibition and memory
It is widely accepted that modulation of both excitatory and inhibitory circuits is needed for proper encoding of information (Buzsaki, 2010; Kelemen & Fenton, 2013; Klausberger et al., 2003) . Interestingly, investigations into the functional significance of inhibitory circuits in the maintenance of learned behaviors is now increasing (Lin et al., 2010; McKay et al., 2013; Ruediger et al., 2011) ; perhaps the relative inattention to inhibition is in part due to the fact that our central cellular model for memory mechanisms, long-term potentiation, is largely investigated on excitatory synapses. Here, we found that block of GABA A receptor-mediated fast inhibitory transmission impacts the expression of the active place avoidance memory-associated changes in synaptic transmission and synaptic potentiation but not paired-pulse facilitation. The absence of an effect at the level of paired-pulse facilitation indicates that GABA A receptormediated inhibition may act on postsynaptic elements and function more so than presynaptic mechanisms. One explanation of the present findings may be that inhibition tone is reduced after memory training, thus enhancing synaptic transmission, but perhaps having a lesser impact on artificially-induced synaptic potentiation and depression. GABA A receptor block would allow similar levels of excitatory synaptic drive in both trained and untrained groups, which would mask the memory-associated changes that were observed in synaptic transmission and synaptic potentiation. Alternatively, GABA A receptor mediated inhibition may be heightened after memory training (McKay et al., 2013) but it only becomes functionally effective when it is required to counterbalance exacerbated excitatory drive, as in the case of artificially induced synaptic potentiation. We cannot rule out, however, that GABA A receptor-mediated inhibition may also not play any role, and that GABA A receptor block would just carry excitatory synaptic drive to a ceiling level were outcomes of postsynaptic function in trained and untrained groups cannot be distinguished.
The present observations suggest that inhibition might play a role in shaping the active place avoidance memory traininginduced changes of synaptic function, which has also been observed in vivo with persistence of active place avoidance memory (Park et al., 2015) . Structural reorganization of excitatory and inhibitory synapses has been shown during expression of synaptic plasticity (Bourne & Harris, 2011) . Inhibitory circuits may contribute to the reorganization of synaptic circuits with memory, however, our experiments cannot inform on the extent of the contribution or define in which manner, functionally and mechanistically, this reorganization may occur. Further research is required on how the excitatory and inhibitory neural components are modulated in response to memory formation.
Distinct circuit requirements for different memory demands
In this study we have found changes in synaptic function that are associated with the acquisition of active place avoidance memory. These changes are not observed in untrained animals that were just exposed to the rotating arena with no shock, or yokedshock mice that received shocks that were unavoidable and unrelated to a particular location within the arena. This pattern of findings suggest a specific connection between the observed synaptic changes and the active place avoidance memory, itself.
These findings also invite speculation on how encoding of distinct kinds of experiences may demand different involvement of circuit function. Untrained, yoked-shock and active place avoidance conditioning are distinct types of experiences for the animals. In the untrained condition, mice habituate to the environment as it becomes more familiar. In the yoked-shock condition, one can speculate that the animals make a basic association between the behavioral and/or environmental context and shocks (Vafaei et al., 2007) , although we have no behavioral evidence of this in the present study (but see (Jezek, Wesierska, & Fenton, 2002) ). In the case of active place avoidance memory training, the mice form an association between shocks and a particular location. Do all three of these experiences shape circuit function? One answer would be 'no,' as the only persistent modulation of circuit function we could detect, followed active place avoidance training. Alternatively, these experiences may all change circuit function but the particular recruitment of the specific circuits would depend on the experience. A recent study in rat describes restricted changes in protein expression in exclusive hippocampal areas after familiarization (habituation) to a context (Cox et al., 2014) . Context showed decreased synaptic potentiation (top left, n = 5) and increased synaptic depression (bottom left, n = 7) in the CA3-CA1 input compared to untrained (black, n = 7) mice. Synaptic depression was induced by one 15-min train of paired-pulse (50 ms) low frequency stimulation (PP-1 Hz). The plasticity range, measured as the potentiationto-depression range for the 30-45 min time period, reveals a shift of synaptic weights towards depression in the trained group (right; potentiation: t 10 = 4.38, p < 0.05; depression: t 12 = 3.01, p < 0.05). In these experiments simultaneous synaptic potentiation and depression recordings were done in two slices from the same animal in the same recording chamber. (B) The memory-associated changes at CA3-CA1 synapses do not saturate the synaptic potentiation amplitude. Four consecutive trains of 1-s 100 Hz stimulations applied at 15-min intervals elicited the same level of cumulative potentiation at CA3-CA1 synapses in trained (red, n = 8) and untrained (black, n = 7) groups (top). Group averages for each 10-15 min period: t 13 = 1.64; p 1st stimulation = 0.13; t 13 = 1.11 p 2nd stimulation = 0.29; t 13 = 0.77 p 3rd stimulation = 0.45; t 13 = 0.62 p 4th stimulation = 0.55). Graphs show averages ± SEM; * p < 0.05. (C) The 100-Hz tetanus envelope was similar in the trained (red, n = 8) and untrained (black, n = 10) groups (left; t 16 = 0.19, p > 0.05).
Similarly, the PP-1 Hz train envelope was similar in the trained and untrained groups (right, n = 7 per group, t 12 = À0.29, p > 0.05). Graphs show averages ± SEM.
habituation may recruit a small subset of synaptic circuits to store information of the familiar environment, which may have escaped detection by our methods. This notion aligns well with the suggestion that acquisition of a more complex and demanding active place avoidance memory produces widespread changes in synaptic function. As others have suggested, the recruitment, extent and contribution of distinct neural circuits may depend on the need for management of resources, utilization of different learning strategies and memory demands (Eichenbaum, 2014; Eichenbaum & Cohen, 2014; Gottlieb, Wong, de Chastelaine, & Rugg, 2012; Jenkins & Ranganath, 2016; Keene et al., 2016; McKenzie et al., 2014; Tanaka et al., 2014) .
Long-term memory engrams in the hippocampus
There is strong consensus in the field that memory traces undergo systems consolidation. Memory traces localized to hippocampus can also be represented in other brain areas; mainly neocortical (Czajkowski et al., 2014) , and this may happen as early as during learning (Cowansage et al., 2014) . However, this does not mean that upon systems consolidation hippocampal traces cease to exist. Hippocampal memory traces are generated by different experiences (Denny et al., 2014; Ramirez, Tonegawa, & Liu, 2013) , which are embedded within distinct functional organizations of neural activity (McKenzie & Eichenbaum, 2012; McKenzie, Robinson, Herrera, Churchill, & Eichenbaum, 2013) . Our present findings suggest that a memory trace may be maintained at least for a month within the hippocampus network. There is support for this notion in reports that describe the role of a specific protein kinase, PKMf, which is hypothesized to be a central factor of the molecular mechanism that maintains long-term memory (Pastalkova et al., 2006; Sacktor, 2011; Tsokas et al., 2016) . PKMf is persistently upregulated for at least a month after active place avoidance training (Hsieh et al., 2017) , and 1-month old memory is erased after infusion of the selective kinase inhibitor ZIP into the hippocampus one month after active place avoidance training (Pastalkova et al., 2006) . Together, these studies support the view that hippocampal function continues to be necessary for 
Potentiation [30-45 min] (% baseline) Potentiation [30-45 min] Fig. 7. Blockade of fast GABAergic inhibition by picrotoxin abolishes detection of the memory-associated changes in synaptic transmission and plasticity. (A-C) CA3-CA1 input: (A) Stimulus-response curves for trained (n = 7, red) and untrained (n = 6, black) groups in the presence of picrotoxin (left). Synaptic transmission is not different between the trained and untrained groups in the presence of picrotoxin (right, average responses to 15.5 V stimulation; t 11 = 0.001; p > 0.05). (B) PPF curves for trained (red) and untrained (black) groups (left, n = 6 per group) in the presence of picrotoxin. The change in presynaptic function in the trained group is still detected under the picrotoxin block (right, average PPF values for the 50 ms inter-stimulus interval; t 10 = 3.42; p < 0.05). (C) Synaptic potentiation for trained (red) and untrained (black) groups in the presence of picrotoxin (left, n = 5 per group). Synaptic potentiation was not different between the trained and untrained groups in the presence of picrotoxin (right, average potentiation for the 30-45 min period; t 8 = 0.95; p > 0.05). (D-F) EC-CA1 input: (D) Stimulus-response curves for trained (red, n = 4) and untrained (black, n = 6) groups in the presence of picrotoxin (left). No difference in synaptic transmission between groups (right, average responses to 12.5 V stimulation; t 8 = 1.25; p > 0.05). (E) PPF curves for trained (red, n = 4) and untrained (black, n = 6) groups in the presence of picrotoxin (left). Presynaptic function was indistinguishable between trained and untrained groups (right, average PPF values at 50 ms inter-stimulus interval; t 8 = 1.05, p > 0.05). (F) Synaptic potentiation for trained (red, n = 3) and untrained (black, n = 6) groups in the presence of picrotoxin (left). Synaptic potentiation was not different between the trained and untrained groups (right, average potentiation in the 30-45 min period; t 7 = 0.028; p > 0.05). Graphs show averages ± SEM; * p < 0.05.
memory maintenance for at least a month, and hence is evidence for a hippocampal engram that is necessary for remote memory recall. While hippocampus independent recall can occur, reactivation of hippocampal memory traces may be necessary for proper or accurate memory retrieval .
Memory associated modulation of circuit function and cognitive theory
We speculate that widespread synaptic circuit changes at the level of hippocampal microcircuits include the embedding of explicit memory information at a particular set of synapses within a broader synaptic network that contains related information to which the newly acquired memory is associated. This is not a novel notion, cognitive psychologists have taught for over 50 years that memories form within the framework of the subject's knowledge base or schema (Bartlett, 1932; Piaget, 1926) . Memories are rapidly acquired when the explicit information from experience is embedded within the subject's schema (Dragoi & Tonegawa, 2013; McKenzie & Eichenbaum, 2011; McKenzie et al., 2013 McKenzie et al., , 2014 Morris, 2006; Tse et al., 2007 Tse et al., , 2011 . A neurobiological basis of such schema may include experience-associated widespread changes in immediate early gene activation within a neuron population (Tse et al., 2007 (Tse et al., , 2011 and the modification of neural firing patterns of hippocampal networks (McKenzie et al., 2013 (McKenzie et al., , 2014 .
A widespread impact of memory on synaptic circuit function may reflect not only the storage of the explicit information, but also the establishing of a neural infrastructure for managing, regulating and coordinating knowledge of experiences that is necessary for the memory expression. Memories have been asserted to rely on the concepts of a schema, neural attractor, and a Bayesian prior (Bartlett, 1932; Buzsaki, 2010; Dragoi & Tonegawa, 2013; Huttenlocher, Hedges, & Vevea, 2000; McKenzie et al., 2013; McNaughton, Battaglia, Jensen, Moser, & Moser, 2006; Wills, Lever, Cacucci, Burgess, & O'Keefe, 2005) . While the precise neural and synaptic organization of memory remains to be elucidated, the present findings suggest that these concepts may all share the same mechanistic basis, the widespread and persistent adjustments of the network of synapse functions that are engaged by the learning experience.
Concluding remarks
This study is part of a research effort aimed at identifying changes within different hippocampus synaptic circuits with memory and how these memory circuits change with different memory experiences. We highlight the importance of identifying these memory-associated synaptic circuits to better define how memory associated neural ensemble activity originate from particular synaptic activity.
Our findings demonstrate that long-term traces of a spatial experience can be detected as persistent modifications in the function of the CA1 hippocampal circuitry lasting at least a month. These changes in synaptic function coincided with the persistence of long-term place memories (the changes were only observed in animals that expressed robust memory and not in animals with poor memory recall). We hope to expand this research to the whole hippocampus network. Advances towards this goal have been achieved by identifying spatial memory associated synaptic changes in the Dentate Gyrus area (Park et al., 2015) .
We suggest that widespread synaptic circuit changes at the level of hippocampal microcircuits include the embedding of explicit memory information at a particular set of synapses within a broader synaptic network that contains the framework of the subject's knowledge. This is consistent with the idea that memory formation changes neural ensembles to properly encode and coordinate information (Kelemen & Fenton, 2010 , 2013 Korte & Schmitz, 2016; Singer et al., 2010) .
